Central to understanding learning mechanisms at a synaptic level is the idea that lasting functional change can be driven by the coincidence of multiple signals at a single synaptic site 1 . One candidate for such a change is long-term depression of the parallel fiber input to cerebellar Purkinje cells, a form of synaptic plasticity that is thought to underlie several forms of associative motor learning 2 . LTD is induced by coincident activation of PF and CF synaptic inputs, and can last from hours to days 2,3 .
articles
Central to understanding learning mechanisms at a synaptic level is the idea that lasting functional change can be driven by the coincidence of multiple signals at a single synaptic site 1 . One candidate for such a change is long-term depression of the parallel fiber input to cerebellar Purkinje cells, a form of synaptic plasticity that is thought to underlie several forms of associative motor learning 2 . LTD is induced by coincident activation of PF and CF synaptic inputs, and can last from hours to days 2, 3 .
Although LTD has been extensively studied, the identity of the coincidence detection mechanism(s) triggered by conjunctive activation of PF and CF synapses is still controversial 4 . One second messenger, cytosolic calcium (Ca 2+ ), is both necessary 5 and sufficient 6 (L. Khiroug, G. Ellis-Davies & G. J. Augustine, Soc. Neurosci. Abstr. 25, 397. 3, 1999) to induce a depression of synaptic strength. This indicates that Ca 2+ is a critical link in the induction of LTD. However, in contrast to most other synapses that show Ca 2+ -dependent associative plasticity, PF synapses lack postsynaptic NMDA receptors, which allow Ca 2+ to enter neurons in response to the simultaneous presence of glutamate and depolarization (for review, see ref. 1) .
Purkinje cells do, however, possess two other molecular mechanisms that could detect conjunctive PF and CF activation to generate a Ca 2+ signal. The first of these is the inositol-1,4, 5-trisphosphate (IP 3 ) receptor 7 , which is synergistically coactivated 8 by IP 3 and Ca 2+ . The IP 3 receptor controls Ca 2+ release from the endoplasmic reticulum and is present in high concentrations in both spines and shafts of Purkinje cell dendrites 9 . IP 3 could be formed via the activation of metabotropic glutamate receptors (mGluR) by glutamate released from PF terminals [10] [11] [12] . The source of Ca 2+ could be voltage-gated Ca 2+ channels, which are known to be located on PF spines 13 , and may even be colocalized with the IP 3 receptor on a molecular scale 14 . The depolarization necessary for activation of these Ca 2+ channels could be provided by the complex spike that is triggered by CF input 15 . This mechanism, therefore, predicts that the combination of CF and PF inputs should generate a supralinear Ca 2+ signal in PF spines 7 .
A second potential coincidence detection mechanism uses the voltage-gated Ca 2+ channels in PF spines 13 . Because the channel activation curve is highly nonlinear, even a small local depolarization resulting from activation of AMPA channels at the PF synapse 16 could combine with the depolarization by the complex spike to cause supralinear Ca 2+ influx.
The involvement of release through IP 3 receptors in the LTD induction pathway is supported by experiments demonstrating that blockers of Ca 2+ release inhibit LTD 6 , and that IP 3 uncaging can cause a form of LTD 6, 11 . The metabotropic pathway is implicated because LTD induction can be prevented by mGluR antagonists 17 (but see also ref. 4) , and is impaired in a genetic knockout of mGluR1 receptors 18 .
To test whether there is indeed Ca 2+ -based coincidence detection, as indirectly suggested by these previous findings, we used two-photon laser scanning microscopy 19 (2PLSM) of fluorescent Ca 2+ indicators to observe signals in individual PF dendritic spines 13 . We found that conjunctive activation of CF inputs and physiologically realistic PF stimuli indeed generated supralinear Ca 2+ signals, which, under certain conditions, were confined to single spines. We then compared the temporal requirements for Ca 2+ supralinearity and induction of LTD with the temporal requirements found in a number of motor learning experiments that involve the cerebellum.
RESULTS

Supralinear calcium signals
Purkinje cells were filled in whole-cell patch recordings (Fig. 1a) with the low-affinity Ca 2+ indicator Magnesium Green (250-500 µM; estimated K D , 19 µM 20,21 ) to avoid dye saturation and the changes in the intracellular calcium concentration ([Ca 2+ ]) dynamics that occur as a result of substantially altering the intracellular Ca 2+ buffer capacity with high-affinity Ca 2+ indicators 22 . Although low-affinity indicators are less sensitive to small [Ca 2+ ] changes, they do allow the quantification of [Ca 2+ ] transients in the micromolar range 21 . As an assay of [Ca 2+ ] levels reached in response to synaptic stimulation, we measured the mean relative fluorescence increase (∆F/F 0 ) in the 200 ms following the end of stimulation. We stimulated PF inputs (second EPSP, 1.5 to 7.8 mV; 4.2 ± 0.4 mV, mean ± s.e.m., n = 27) at physiologically plausible 23 frequencies (3 to 10 stimuli at 100 Hz). Combining PF stimulation with CF activation evoked large Ca 2+ signals in both spines ( Fig. 1b; 30.4 ± 7.4% ∆F/F 0 ) and shafts (19.0 ± 4.1% ∆F/F 0 , n = 27) of spiny branchlets. Activation of the PF inputs alone generated smaller fluorescence transients (5.5 ± 1.6% ∆F/F 0 , 16 spines). Single stimuli to the CF generated complex spikes in the voltage recording and fluorescence transients in the Purkinje cell. These were much smaller (0.8 ± 0.3% ∆F/F 0 in spines, 200-ms window, n = 22) but still corresponded to [Ca 2+ ] changes of about 150 nM; both this averaged response and the peak transient (Fig. 1b) 15, 24 .
Coincidence Ca 2+ signals were thus much larger than the linear sum of responses to either PF or CF activation alone; their peaks reached values above 10 µM (Fig. 1b) . This supralinearity was quantified as the ratio of the coincidence response to the Fig. 3a) , suppressed the coincidence-evoked supralinear Ca 2+ signal in branchlets (DPFS, Fig. 3a , c and d; PF alone 3.1 ± 1.8% ∆F/F 0 ; coincident stimulation 16.4 ± 3.3% ∆F/F 0 ; coincident stimulation with hyperpolarizing pulse 3.7 ± 0.5% ∆F/F 0 , n = 3). Branchlet signals could also be suppressed if DPFS was initiated before the CF, using a hyperpolarizing current pulse during PF stimulation (Fig. 3b) . Under this condition, the somatically recorded voltage response to CF stimulation was virtually unaltered by the preceding hyperpolarizing current injection (Fig. 3b , compare black and blue traces). Conversely, strongly supralinear branchlet-wide [Ca 2+ ] responses could be evoked if the CF input were replaced by a somatic depolarizing current pulse (+0.4 nA, 50 ms). Such conditions are often used to evoke LTD in Purkinje cells 4, 27, 28 . Because depolarization can be used as a surrogate for CF activation of AMPA receptors 16 , we could test the ability of the AMPA/kainate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) to block branchlet coincidence signals mediated by PF activation. Application of DNQX (20-50 µM, n = 3) reduced branchlet responses to PF stimulation alone (7 ± 3% ∆F/F 0 control; 2 ± 2% ∆F/F 0 in DNQX), and blocked coinci- The strong stimuli used in the previous experiment might activate a large fraction of PFs passing in the vicinity of the stimulation electrode ('dense parallel fiber stimulation,' DPFS) and may not, therefore, be representative of the natural activity pattern of parallel fibers. We thus reduced the stimulation intensity to levels that activate only small numbers of synaptic inputs ('sparse parallel fiber stimulation,' SPFS). Under SPFS, we frequently saw coincidence signals confined to single spines ( Fig. 2a and b ; second EPSP in train 0.3 to 2.6 mV; mean 1.2 ± 0.2 mV, n = 19; EPSP size distribution for SPFS and DPFS were different, leading to branchlet signals; Kolmogorov-Smirnov test, p < 0.05). The peak spine [Ca 2+ ] changes with SPFS were somewhat smaller than peak spine changes observed during branchlet-wide coincidence events (12.4 ± 2.0% ∆F/F 0 , p < 0.05) but the Ca 2+ signals remained significantly supralinear (supralinearity 3.5 ± 1.1, p < 0.01). Supralinearity confined to spines was observed for short high-frequency bursts (3-10 PF stimuli at 100 Hz, data not shown), demonstrating that a single-spine form of coincidence detection can be evoked by combining CF activation with realistic temporal patterns 23 of PF activity. Supralinear Ca 2+ signals were sensitive to the temporal order of the two inputs, with larger responses observed with PF preceding CF activation ( Fig. 2a ; see below).
Mechanisms of calcium supralinearity
The critical contribution of the CF input to coincidence detection could be mediated either by the widespread depolarization in the dendritic tree during a complex spike 25 or by the consequent Ca 2+ entry 15 . To distinguish between Ca 2+ entry and depolarization per se, Purkinje cells were hyperpolarized after CF-induced Ca 2+ entry was nearly complete. This was achieved by delivering hyperpolarizing current pulses (-10 nA, 3-6 ms) 10-15 ms after CF activation, a time when Ca 2+ entry is complete but residual depolarization persists 15 (Fig. 1b) . Such current pulses, which transiently hyperpolarize the soma and dendrites by signal; 1.1 ± 0.8% ∆F/F 0 in DNQX; significant reduction, p < 0.025). These results indicate that depolarization by both the PF and CF inputs is necessary for generating branchlet-wide DPFS coincidence signals, and support a model in which a complex spike enhances local depolarization from DPFS, to augment the highly nonlinear activation of voltage-gated Ca 2+ channels.
Even though hyperpolarization was able to suppress branchlet responses to coincident activation of PF and CF inputs, a supralinear calcium signal could often still be observed in some spines under these conditions (arrowheads, Fig. 3a and b) . In the spines showing supralinearity, the response to coincident PF and CF stimulation with a hyperpolarizing pulse (15 ± 2% ∆F/F 0 , n = 6) was not reduced from the response to coincident stimulation alone (16 ± 3% ∆F/F 0 , n = 6; Fig. 3a, c and d) . These results indicate that single-spine coincidence detection does not require persistent depolarization by the complex spike.
The remaining plausible contribution of the CF input to coincidence detection is complex-spike-mediated Ca 2+ entry 10 acting as a co-activator of IP 3 receptor channels 7, 8 to cause Ca 2+ release, an effect that could be accentuated by buffer saturation 29 . We therefore applied compounds that block various steps along the Ca 2+ release pathway. First, we applied the mGluR antagonist (S)-4-carboxyphenylglycine (4-CPG; 0.5-1.0 mM). Under conditions of single-spine coincidence detection (SPFS), 4-CPG reversibly inhibited both PF-alone Ca 2+ signals (25 ± 1% of control, n = 4) and coincidence-evoked Ca 2+ signals (25 ± 16% of control) in single spines; the small remaining signal was linear (Fig. 4a) . EPSPs were unchanged by 4-CPG, as measured by either the PF-alone EPSP (control, 1.6 ± 0.5 mV; in 4-CPG, 1.5 ± 0.5 mV; not different, p = 0.5) or the number of somatic sodium action potentials (APs) evoked by coincidence (control, 4.0 ± 0.6 APs; in 4-CPG, 3.5 ± 0.3 APs; not different, p = 0.3). Unlike the spine signals, branchlet coincidence signals were unaffected by a metabotropic receptor antagonist ( Fig. 4b; 4 -CPG, response 92 ± 10% of control, n = 3). These results support a mechanism for single-spine supralinearity in which the PF pathway must activate mGluRs.
To identify the contribution of Ca 2+ release from stores, we next blocked Ca 2+ release with thapsigargin, an irreversible blocker of the endoplasmic reticulum family of Ca 2+ pumps 30 . After application of thapsigargin (2 µM) for 15-30 minutes, SPFS single-spine coincidence signals were reduced from 7.5 ± 3.2% ∆F/F 0 to 2.2 ± 1.4% ∆F/F 0 (0.26 ± 0.08 of control n = 3; Fig. 5a ). PF-only Ca 2+ signals were nearly unchanged (normal, 1.2 ± 0.6% ∆F/F 0 ; in thapsigargin, 1.0 ± 0.3% ∆F/F 0 ), whereas the supralinearity factor was reduced from 7.1 ± 1.7 to 2.2 ± 1.3. In contrast, DPFS-induced branchlet signals persisted (before, 11.5 ± 1.7% ∆F/F 0 , in thapsigargin, 9.8 ± 1.8% ∆F/F 0 ; 0.83 ± 0.04 of control, 4 branchlets; Fig. 5a ). To confirm that IP 3 -mediated release does not contribute to branchlet signals, Purkinje cells were dialyzed with heparin, a competitive blocker of IP 3 receptors 6 . Under these conditions, large supralinear Ca 2+ signals were still observed with DPFS in both shafts (9.6 ± 1.4% ∆F/F 0 , supralinearity 5.9 ± 1.9, n = 4) and spines (8.2 ± 0.9% ∆F/F 0 , supralinearity 2.7 ± 0.5, n = 4). In a few experiments under SPFS plus CF stimulus conditions with heparin in the patch pipette, no responding spines were found (31 spines in 3 branchlets), as predicted by the IP 3 hypothesis. However, we could not completely rule out that the spines where EPSCs were generated were out of the field of view. Finally, we compared the number of sodium APs evoked at the soma under the different stimulation conditions used. DPFS alone evoked 2.9 ± 0.9 APs, whereas DPFS paired with CF activation evoked 3.6 ± 1.0 APs, a moderate increase (n = 22; change, +0.7 ± 0.5 APs; p = 0.1), which is consistent with the voltage dependence of branchlet signals. For SPFS we did not find a difference between PF alone (1.73 ± 0.54 APs) and paired activation (1.67 ± 0.48 APs; n = 16, p = 0.6), which is consistent with the IP 3 hypothesis of single spine coincidence detection and with previous evidence 25, 26 that dendritic depolarization is only weakly coupled to somatic membrane potential. Taken together, these results indicate that Ca 2+ release is required for spine coincidence signals, but not for branchlet coincidence signals.
Timing dependence of supralinear spine calcium signals
To determine the timing requirements for supralinear 'summation' of Ca 2+ signals, we varied the interval between the start of the PF burst (∆t = 0; Figs. 2a and 6a) and CF firing. The largest Ca 2+ signals were observed when PF and CF activity were approximately, but not exactly, synchronous (Figs. 2a and 6b) . For optimal timing for the spine signals, the PF activity had to begin before the CF complex spike (Figs. 2a and 6a) . When we fitted the pooled transient (200 ms window) [Ca 2+ ] data with a Gaussian, we found an optimal ∆t of +64 ± 12 ms with a half-maximal width of 94 ± 37 ms. When, alternatively, response amplitude was measured by integrating the total response from the time of the first stimulus to 500 ms after the last stimulus, the Gaussian fit to these data (Fig. 6c) showed a comparable offset (∆t = +92 ± 37 ms) but a much larger half-maximal width (212 ± 85 ms) than the transient measurement. By both measures, the largest nonlinearity occurred when the CF fired near the end of the PF burst. 
Timing dependence and pharmacology of SPFS-LTD
If the supralinear Ca 2+ signals we observed are indeed the trigger for LTD, then we would expect to find a similarly offset timing dependence for LTD induction. We therefore did LTD experiments, using SPFS. To ensure SPFS conditions, stimulus intensity was adjusted to give an EPSP amplitude of < 1 mV for the second stimulus, an amplitude at which supralinear Ca 2+ signals are almost completely restricted to single spines (Fig. 2c) . Co-activation of PF and CF inputs produced a lasting depression of the PF response ( Fig. 6d and e ; 0 ms interval, -32 ± 18%, p < 0.05), whereas activation of the PFs alone (+4 ± 6% increase, n = 3, p = 0.3) or the CF alone (+0.2 ± 2.6% increase, n = 4, p = 0.5) had no significant effect. The magnitude of the depression depended on the timing of CF and PF activation in a manner consistent with the timing dependence of supralinear spine Ca 2+ signals ( Fig. 6b and c) . In particular, the delivery of PF bursts 150 ms before, but not after, CF firing caused depression (+150 ms, -27 ± 15%, n = 6; -150 ms, +1 ± 11%, n = 4). More widely separated pairings also did not cause depression (-500 ms, -10 ± 6%, n = 3; +500 ms, +6 ± 17%, n = 3). This match in timing dependence supported the idea that supralinear Ca 2+ signals are a necessary step in the induction of plasticity.
To further strengthen the link between the supralinear Ca 2+ signals and synaptic plasticity, we took advantage of the ability of thapsigargin to discriminate between spine and branchlet [Ca 2+ ] supralinearity. During the induction period, CF activation was paired with either DPFS or SPFS. Under normal recording conditions, pairings with SPFS led to a decrease in PF transmission (-27 ± 15% from baseline, n = 6). In the presence of thapsigargin, pairing with SPFS led, if anything, to an increase in PF transmission (+46 ± 33%, n = 7, Fig. 5b-d ; different from normal LTD, p < 0.05). With DPFS (EPSP > 2 mV; Fig. 2c ), pairing still led to a decrease in PF transmission (-24 ± 7% from baseline, n = 6, Fig.  5b-d ; not different from normal LTD, p = 0.4). These results (summarized in Fig. 6e) show that Ca 2+ release from stores is necessary for both spine Ca 2+ coincidence signals and LTD under sparse stimulation (SPFS) conditions, but for neither branchlet Ca 2+ signals nor LTD using dense stimulation (DPFS).
DISCUSSION
We have shown that conjunctive activation of PF and CF inputs to Purkinje cells generates calcium signals in spines and dendrites greatly exceeding the linear sum of responses to the individual inputs. Our findings indicate that Purkinje cell dendrites are capable of at least two types of supralinear [Ca 2+ ] dynamics. These two types differ most obviously in their dependence on PF activity and in the spatial extent of the resulting Ca 2+ signal. When small numbers of PFs are activated (sparse activation), supralinear Ca 2+ signals are restricted to single spines, and depend on Ca 2+ release from internal stores. When many neighboring PFs are activated (dense activation), supralinear Ca 2+ responses spread throughout entire branchlets and can be supported entirely by voltage-dependent Ca 2+ entry through the plasma membrane. In both cases, peak Ca 2+ signals can exceed 10 µM, and hence are well within the range where Ca 2+ -sensitive intracellular kinases are activated 31, 32 . Together with the similarity in timing dependence we observe for induction of LTD at PF synapses, our findings suggest that supralinear Ca 2+ signals are the coincidence detection mechanism for LTD induction.
This discovery of a coincidence detection pathway involving metabotropic glutamate receptors provides the first direct evidence that IP 3 receptors mediate coincidence detection for cerebellar LTD 7 . Interestingly, mGluR coincidence detection requires activity in only a small number of PFs (indeed, a single active fiber may be sufficient) with a temporal firing pattern similar to that observed in vivo 23 . An important involvement of the metabotropic pathway is further supported by evidence from transgenic animals showing that mice lacking metabotropic receptors have deficient cerebellar synaptic plasticity and impaired motor learning 18 . Pyramidal neurons, which possess NMDA receptor-dependent coincidence detection 1 , also display metabotropic coincidence detection 33 . Unlike in Purkinje cells, the mGluR-dependent Ca 2+ signals observed so far in pyramidal neurons have a much larger spatial extent, and require many presynaptic fibers to be active at once 33 , and thus may lack specificity for individual dendritic spines.
Remarkably, when the density of PF stimulation is increased, an entirely distinct mechanism that generates supralinear Ca 2+ signals is recruited, based on Ca 2+ entry through the plasma membrane. This coincidence mechanism no longer requires mGluR activation or release from intracellular stores, and because it is highly sensitive to hyperpolarization, it seems to rely on the voltage-dependence of Ca 2+ channel activation. Because sodium action potentials do not backpropagate 25, 26 or generate [Ca 2+ ] transients 15 in Purkinje cell dendrites, this supralinear activation of voltage-gated Ca 2+ channels is likely to result from summation of depolarization generated at the PF spines by the respective PF and CF synaptic currents. Because the resulting Ca 2+ signals fill entire branchlets (likely beyond the directly activated synaptic inputs), they represent a way for activity in a subset of PF spines on a branchlet to elevate [Ca 2+ ] in all the spines of that branchlet. Such a spread could explain the observation that LTD can spread from active to inactive synapses 34, 35 . The physiological relevance of these voltage-dependent branchlet coincidence signals depends, however, on whether correlated activity normally occurs among neighboring PFs, for which there is yet no direct evidence (but see ref. 36) . What is established is that the voltage-dependent mechanism can be readily activated during experimental stimulation of the PF pathway in vitro.
Our results may thus reconcile seemingly conflicting findings regarding the mechanisms of LTD induction (reviewed in ref. 4) . Metabotropic receptor antagonists can block LTD induction 17 , but in several studies done at high PF stimulus intensities, LTD could still be induced 37, 38 . Likewise, a previous report that thapsigargin fails to block LTD induction 37 matches our finding at high, but not low PF stimulus intensities. We find that at low PF stimulus intensities, thapsigargin not only blocks LTD induction but unmasks a mild potentiation, an effect that may reflect a previously observed, mGluR-independent, presynaptic form of LTP 39 .
Our experiments show that the number and likely the spatial distribution of PF fibers activated are crucial in determining whether the coincidence-detection mechanism called into action is predominantly mediated by Ca 2+ release from stores or Ca 2+ influx through the plasma membrane. This dependence on the stimulus intensity may also be partly responsible for the seemingly inconsistent timing rules previously found for LTD induction 38, 40, 41 . Another suggested locus for coincidence detection is a slow mGluR-mediated depolarization seen following coincident PF and CF stimulation 10 . We did observe this response (data not shown), but only at PF stimulus intensities far greater than those needed to evoke the Ca 2+ responses reported here. Previous evidence regarding a requirement for the nitric oxide-cyclic GMP pathway and for activation of protein kinase C is also not inconsistent with our results, because these messengers might well act downstream of Ca 2+ release 4, 38, 42 or as necessary cofactors in LTD 38 . Alternatively, these signaling pathways may be recruited at higher levels of stimulation than those used in our study.
We have demonstrated that the supralinearity of the Ca 2+ signal depends on the relative timing of the PF and CF inputs, further strengthening the view that timing is critical for the induction of synaptic plasticity. With weak PF stimuli, LTD occurs when PF bursts begin before CF firing 43 , consistent with our plasticity as well as our [Ca 2+ ] dynamics data. The lack of supralinearity when the CF precedes the PF burst is expected from a metabotropic mechanism for two reasons. First, neurotransmitter release from PFs shows a strong use-dependent facilitation 44 , causing greater glutamate release in response to bursts of activity, with glutamate concentrations peaking toward the end of a PF burst. Second, the dynamics of IP 3 receptor activation suggest that LTD would depend on the temporal order of PF and CF activity. In particular, [Ca 2+ ] increases preceding IP 3 formation inactivate the receptor 45 , which would make the total amount of Ca 2+ release triggered by IP 3 and Ca 2+ dependent on the order at which the agonists arrive at the receptor. Other factors that could affect the timing window include messenger diffusion 46 47 and removal 15 , regulation of complex spike spread in the dendrite by inhibition 48 , and higher-order aspects of the temporal patterns of PF activity as they might occur in vivo. Some of these parameters may even be used to adapt the coincidence timing window to match biological requirements.
The timing rule-PF activity starting before CF firingobserved in our spine imaging and LTD experiments provides one way to link this cellular mechanism to behavioral phenomena. Studies of the vestibulo-ocular reflex 49 show that the direction of the change in the reflex gain can be predicted very well from the correlation between simple spike firing rate and complex spike firing 100 ms later. These observations indicate that PF activity is required before CF firing (without having to make any assumptions regarding the delay from sensory input to neural activity), consistent with predictions from the Marr-Albus model of cerebellar cortical network function 2 .
An even more direct comparison between cellular and behavioral parameters is provided by eyeblink conditioning, where experiments have consistently shown that the conditional stimulus (CS; tone) must precede the unconditional stimulus (US; airpuff) by a minimum of 80 ms in order for associative learning to occur 50 . In this situation, the interval from sensory input to the neural response can be remarkably brief 43 : US information is thought to be conveyed via the inferior olive and CF pathway, with a latency as short as ∼10 ms from stimulus onset, and the minimum delay from the CS to the onset of PF firing is similarly brief. This predicts that under conditions where learning takes place, PF firing would begin before CF firing, in accord with the conditions that generate both LTD and the largest singlespine Ca 2+ signals in vitro.
METHODS
Cerebellar brain slices.
Standard techniques were used to prepare 300-µm thick sagittal brain slices from the cerebellum of 17-to 25-day postnatal rats. Slices were incubated in a holding chamber at 30-32°C for 40-60 min and then returned to room temperature before recording. ACSF for slicing and incubation contained 124 mM NaCl, 3 mM KCl, 1 mM NaH 2 PO 4 , 1 mM CaCl 2 , 2 mM MgSO 4 , 26 mM NaHCO 3 , 20 mM glucose and 0.02 mM (±) aminophosphonovaleric acid (Tocris Cookson, Bristol, UK).
Electrophysiology. For recording, slices were transferred to a chamber, secured between two nylon nets, and perfused with recording ACSF at 28-33°C containing 124 mM NaCl, 3 mM KCl, 1 mM NaH 2 PO 4 , 2 mM CaCl 2 , 1 mM MgSO 4 , 26 mM NaHCO 3 and 20 mM glucose (305 mOsm). All experiments were performed at 28-33°C. Whole-cell patch-clamp recordings were made from Purkinje neurons under visual control using oblique illumination and video contrast enhancement. Patch electrodes were made from borosilicate glass and pulled to a resistance of 7-10 MΩ. Intracellular patch solution contained 133 mM methanesulfonic acid (Fluka, Ronkonkoma, New York), 7.4 mM KCl, 0.3 mM MgCl 2 , 3 mM Na 2 ATP, 0.3 mM Na 2 GTP, pH to 7.30 with KOH (285 mOsm); 0.25-0.5 mM Magnesium Green (Molecular Probes, Eugene, Oregon). Whole-cell current-clamp recordings were made using Axoclamp 2B amplifiers (Axon Instruments, Foster City, California). Neurons were held at -65 mV by injecting holding current; if the current exceeded 500 pA, cells were rejected. Bridge balance was adjusted periodically.
CF and PF inputs were stimulated (10-90 V, 0.2 ms) with ACSF-filled patch pipettes placed, respectively, near the Purkinje cell body and beneath the filled dendritic arbor close to its lateral edge. Between trials, CFs were activated continuously at 0.1 Hz to simulate tonic CF firing in vivo and unpaired PF stimuli were delivered 1-2 s before a CF pulse. For timing experiments, the time interval between PF and CF stimuli was varied arbitrarily. Data from non-zero time interval trials were accepted only if zero time interval trials given before and afterward gave Ca 2+ signals similar in size to one another, as determined in analysis after the experiment. To quantify the PF response, the amplitude of the second EPSP in the train was measured, because the paired-pulse facilitation at this synapse 44 made this approach more reliable than measuring the first EPSP. For delivery of receptor antagonists, a 50-µm wide capillary tube (Polymicro Technologies, Phoenix, Arizona) was positioned at the surface of the slice before recording, and its back end was immersed in a reservoir of local perfusion solution containing 119 mM NaCl, 3 mM KCl, 1 mM NaH 2 PO 4 , 2 mM CaCl 2 , 1 mM MgSO 4 , 25 mM HEPES and 35 mM D-glucose, pH 7.30 with NaOH. To this solution, 0.5-1 mM (S)-4-CPG (Tocris Cookson) or 20-50 µM DNQX (RBI, Natick, Massachusetts) were added. To start the flow of local solution, 5-10 psi of pressure were applied to the reservoir. Thapsigargin (Tocris Cookson) was applied via the bath perfusion and heparin (low molecular weight from porcine intestinal mucosa; Sigma, St. Louis, Missouri) was included at 50 µg/mL in the internal solution. Electrophysiology data were filtered at 1-2 kHz and sampled at 10-20 kHz using Clampex 7 or Axograph (Axon Instruments), and were analyzed using Clampfit 8 (Axon Instruments) or Igor Pro (WaveMetrics, Lake Oswego, Oregon). Chemicals were obtained from Sigma, Baker (Phillipsburg, New Jersey) or Fisher (Hampton, New Hampshire) unless otherwise indicated.
For plasticity experiments, PF strength was measured as the EPSP slope in response to 3 stimuli (100 Hz) delivered at 0.1 Hz, as was the CF stimulus, at alternating 5-s intervals. Long-term depression was induced by halting the test stimuli and delivering 50 pairings at 2-s intervals. Each pairing was composed of 5 PF stimuli (100 Hz) and 1 CF stimulus. The amount of long-term depression was defined as the change in EPSP slope 20 min after pairing compared with a 10-min baseline immediately preceding pairing. articles during coincident PF and CF stimulation. Supralinearity was defined as the ratio of the coincidence [Ca 2+ ] response to the sum of the responses to PF and CF stimulation alone. The transient [Ca 2+ ] response was defined as the mean fluorescence change relative to prestimulus baseline in the first 200 ms after the last synaptic stimulus. Supralinearity was, in addition, calculated for the total integrated [Ca 2+ ] response. Total integrated response was defined as the time integral of fluorescence change taken from the first synaptic stimulus to 500 ms after the last synaptic stimulus. Traces were filtered using a rolling time window of 30-60 ms. Statistical comparisons were made using one-tailed t-tests unless otherwise indicated. All values are given as mean ± s.e.m.
